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Abstract. Phonons in a metal interact with conduction electrons which give rise to a
ﬁnite linewidth. In the normal state, this leads to a Lorentzian shape of the phonon line.
Density functional theory is able to predict the phonon linewidths as a function of wave
vector for each branch of the phonon dispersion. An experimental veriﬁcation of such
predictions is feasible only for compounds with very strong electron–phonon coupling.
YN2B2C was chosen as a test example because it is a conventional superconductor with
a fairly high Tc (15.2 K). Inelastic neutron scattering experiments did largely conﬁrm
the theoretical predictions. Moreover, they revealed a strong temperature dependence of
the linewidths of some phonons with particularly strong electron–phonon coupling which
can as yet only qualitatively be accounted for by theory. For such phonons, marked
changes of the phonon frequencies and linewidths were observed from room tempera-
ture down to 15 K. Further changes were observed on entering into the superconducting
state. These changes can, however, not be described simply by a change of the phonon
linewidth.
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1. Introduction
Phonons in a metal interact with conduction electrons, which gives rise to two ef-
fects: ﬁrst, a ﬁne structure may appear in the dispersion of certain phonon branches,
called phonon anomalies, and secondly, the phonons acquire a certain linewidth.
Modern density functional theory (DFT) is able to predict both eﬀects. The inelas-
tic neutron scattering study reported in this paper was aiming at conﬁrming the
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theoretical predictions [1] both for the phonon dispersion and the phonon
linewidths. A conﬁrmation of the calculated phonon linewidths is particularly valu-
able as the linewidths are directly related to the electron–phonon coupling (EPC)
constant λ and the superconducting properties. The compound YN2B2C was cho-
sen for this study because it is a conventional superconductor with a relatively
high Tc of 15.2 K. There are several phonon branches where the linewidths are
relatively large, i.e. about 10% of the phonon frequency, for which reason they
can be determined by standard triple-axis measurements. In the course of this
study, we became aware that anomalous phonons often exhibit a marked temper-
ature dependence of both the frequency and the linewidth. In principle, DFT is
thought to yield results for T = 0. In practice, however, it is necessary to intro-
duce a certain smearing of the electronic levels close to the Fermi surface in order
to limit the number of k points needed to correctly sample these electronic states
so as to avoid exceedingly long computation times. This smearing essentially cor-
responds to a ﬁnite electronic temperature and therefore, the calculated phonon
properties correspond to a ﬁnite temperature rather than T = 0. In the present
study, the electronic temperature was varied systematically to ﬁnd out how far the
observed temperature dependence of the phonon properties can be understood on
this basis.
The experiments revealed that on cooling from room temperature down to the
superconducting transition temperature Tc, phonons with a strong EPC become
broader, but their lineshape remains Lorentzian. On further cooling through Tc, this
is no longer the case if the phonon frequency is comparable to the superconducting
gap energy. Such an eﬀect had ﬁrst been observed by Kawano et al [2] for a phonon
with wave vector q = (0.5, 0, 0). We found that the lineshape becomes heavily
distorted for other phonons as well. Such peculiar lineshapes cannot be understood
by DFT but rather by a special theory proposed by Allen et al [3]. A detailed
account of these eﬀects will be published elsewhere [4].
2. Experimental
The neutron scattering experiments were performed on the 1 T triple-axis spec-
trometer at the ORPHEE reactor at LLB, Saclay, and on the PUMA triple-axis
spectrometer at the research reactor FRM II in Munich. Double-focusing pyrolytic
graphite monochromators and analysers were employed in both cases for phonons
with energies below 20 meV. High energy phonons were measured with Cu220
monochromators to achieve high resolution. A ﬁxed analyser energy of 14.7 meV
allowed us to use a graphite ﬁlter in the scattered beam to suppress higher orders.
The wave vectors are given in reciprocal lattice units of (2π/a 2π/b 2π/c), where
a = b = 3.51 A˚ and c = 10.53 A˚. The single-crystal sample of YN2B2C weighing
2.26 g was mounted in a standard orange cryostat at LLB and in a closed-cycle
refrigerator at FRM II, allowed measurements to be performed down to T = 1.6 K
and 3 K, respectively.
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3. Results
The phonon energies in YN2B2C span a very wide range up to 160 meV. Our
inelastic neutron scattering experiments were restricted to an energy up to about
60 meV, which allowed us to investigate 16 out of a total of 18 phonon branches.
In the following, we will restrict ourselves to the low energy region E < 20 meV,
where the most pronounced phonon anomalies are found. Results for the branches
above 20 meV will be reported in a later publication [5].
3.1 Phonon anomaly in the (1 0 0) direction
The transverse acoustic (TA) branch in the (1 0 0) direction exhibits a very pro-
nounced anomaly (ﬁgure 1) which was reported already by Kawano et al [2]. In
addition, the phonon modes around q = (0.5, 0, 0) exhibit a very large linewidth
(see ﬁgure 2), which is clear evidence of a strong EPC. Our DFT calculations re-
produce this anomaly qualitatively, but underestimate it quantitatively. In view of
the fact that the DFT calculations do not give zero temperature results because
they need a fairly high electronic temperature to achieve convergence with reason-
able computational eﬀort, we tried to ﬁnd out whether the discrepancy between
calculated and experimental results can be blamed on the large electronic tempera-
ture. To this end, we studied the problem experimentally by making temperature-
dependent measurements and theoretically by varying the parameter describing
the smearing of the Fermi edge [6] within a certain range, whereby the lowest value
used (20 meV) pushes the method to the absolute limit of present-day computers
[7]. The experiments showed that the phonon anomaly is indeed very sensitive to
the temperature: not only that the frequency at q = (0.5, 0, 0) increases strongly
on heating, but also that the phonon linewidth shrinks drastically (ﬁgure 3). The
hardening is even stronger than one might infer from inspection of ﬁgure 1 because
there is a considerable amount of mixing with the next higher phonon branch at
Figure 1. Dispersion of the transverse acoustic and the lowest transverse
optic branch in the (1 0 0) direction as obtained from experiment (dots) and
density functional theory (lines). The calculations were done with a smearing
of the electronic states near the Fermi surface of 50 meV.
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Figure 2. Phonon linewidths (half-width at half-maximum) in the transverse
acoustic branches (a) in the (1 0 0) direction and (b) in the (1 1 0) direction
as deduced from experiments at T = 20 K (dots) and as predicted by density
functional theory (lines).
Figure 3. Left: Energy scans taken at Q = (0.5, 0, 8) at diﬀerent temper-
atures. Diﬀerent data sets were oﬀ-set by 250 counts for the sake of clarity.
Right: Integrated intensities of the TA and the lowest TO mode observed at
Q = (0.5, 0, 8) vs. temperature.
elevated temperatures: with increasing temperature, more and more spectral weight
is transferred from the lower branch to the higher one (ﬁgure 3, right). We explain
this transfer of spectral weight by the exchange of eigenvectors between the two
branches, i.e. some acoustic character is transferred to the optic branch and vice
versa. Without the hybridization of the two branches, the frequency of the lower
mode would shoot up even more. When interpreting the smearing of the Fermi edge
in the calculations as a simulation of a ﬁnite temperature, our calculations using
diﬀerent values of the smearing parameters show the same trends for the frequency,
the linewidth and even the intensities as observed experimentally (ﬁgure 4, left).
We admit, however, that some discrepancies between calculation and experiment
remain even when using a very small value of the smearing parameter. In partic-
ular, the calculation is unable to reproduce the very low frequency and very large
linewidth observed at q = (0.5, 0, 0) at 20 K.
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Figure 4. Left: temperature dependence of the frequency and the – reso-
lution corrected – linewidth of the anomalous phonons at q = (0.5, 0, 0) and
(0.5, 0.5, 0), respectively. Right: calculated frequency and linewidth of the
anomalous phonons using diﬀerent values of the smearing of the Fermi edge.
Figure 5. Temperature evolution of the phonon line observed at
Q = (0.5, 0.5, 7). The background has been subtracted. Lines for T = 15–300
K are ﬁts with a Lorentzian line folded with the experimental resolution (1
meV). The line for T = 3 K is a guide to the eye.
3.2 Phonon anomaly in the (1 1 0) direction
The DFT calculations predicted a phonon anomaly at the zone boundary in the (1
1 0) direction (M-point), which was as yet not known from experiment [8]. This
prediction was nicely conﬁrmed. Here, the predicted frequency is even lower than
observed, although not by much. On the other hand, the calculated linewidth
is somewhat smaller than observed as in the case of the anomalous phonon at
q = (0.5, 0, 0) (ﬁgure 2b). Similar trends with temperature were observed for the
phonon anomaly in the (1 0 0) direction both in the calculations and in experiment
(ﬁgures 4 and 5).
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Figure 6. Temperature evolution of the phonon line observed at
Q = (0.5, 0, 8). The background has been subtracted. The line for T = 17 K
was obtained by a ﬁt with a Lorentzian folded with the experimental resolu-
tion. Lines for the lower temperatures are guides to the eye. Note that the
superconducting transition occurs at Tc = 15.2 K.
3.3 Linewidths changes below the superconducting transition
The temperature-dependent measurements discussed so far showed a consider-
able softening and broadening of the anomalous phonons at q = (0.5, 0, 0) resp.
(0.5, 0.5, 0) on cooling to T = 20 K. Marked changes were observed on further
cooling through the superconducting transition at Tc = 15.2 K (ﬁgures 5 and 6).
In particular, the lineshapes can no longer be described by a Lorentzian. Such an
observation was ﬁrst reported by Kawano et al [2] for the phonon at q = (0.5, 0, 0).
The peculiar low T lineshape led these authors to believe that an extra mode, called
novel peak, would appear below Tc. Later, Allen et al [3] proposed that the peculiar
lineshape results from the opening of the superconducting gap, but this proposal
did not gain widespread acceptance. Our measurements at q = (0.5, 0.5, 0) show
again marked deviations of the low T phonon lineshape from a Lorentzian but
on the other hand, the lineshape looks qualitatively diﬀerent from that observed
at q = (0.5, 0, 0). It will be shown in a separate publication [4] that the theory
of Allen et al [3] is able to explain both types of unusual lineshapes in a semi-
quantitative way: a lineshape like that observed at q = (0.5, 0, 0) is expected for
phonons with an extremely strong EPC and an energy only slightly larger than the
superconducting gap energy, whereas phonons with a moderate coupling and an
energy considerably larger than the gap will show a lineshape like that observed at
q = (0.5, 0.5, 0).
4. Discussion and conclusions
Our results show that DFT is able to predict not only the phonon frequencies
but also the wave vector and branch-dependent linewidths. We found that the
amount of smearing, ΔE, of the electronic states close to the Fermi surface used in
the calculations to facilitate convergence is an important parameter: using a large
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value of ΔE will strongly reduce the computational eﬀort but might lead to an
unsatisfactory description of frequencies and linewidths of phonons having a strong
EPC [9]. Unfortunately, using very low values of ΔE from the start will lead to
excessively long computation times. A systematic variation of ΔE will help to ﬁnd
out how sensitively the results depend on this parameter. At the same time, such
calculations will indicate how much temperature dependence is to be expected in
the measurements. We note, however, that ΔE takes care of the eﬀects of a ﬁnite
temperature only in a very rough approximation [10]. Therefore, it is not surprising
that the temperature dependence of phonon frequencies and phonon linewidths
observed in experiment (ﬁgure 4, left) takes place in a much narrower temperature
range than suggested from the energy scale explored in the calculations (ﬁgure 4,
right). In the case of the two anomalous phonons discussed in this paper, signiﬁcant
changes are observed even in the range 20 K to 50 K. Furthermore, drastic changes
are observed on further cooling through the superconducting transition. These
changes, which are linked to the opening of the superconducting energy gap, cannot
be addressed by DFT, but need a special theory like that proposed in ref. [3].
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